i. Introduction
Liquid quenching as well as solid quenching of aluminium-silicon alloys yields an aluminiumrich matrix supersaturated with silicon. Ageing of quenched alloys implies silicon precipitation (cf. phase diagram in Ref. i).
Since the atomic volume of silicon as precipitated (diamond structure) is much larger than as dissolved in the Al-rich matrix, large stresses will develop in the Al-rich phase on ageing. This is clearly demonstrated by the behaviour of the Al-rich phase lattice parameter, aAl, as a function of ageing time, t, cf. Fig. 1 (2, 3) . Silicon precipitation from the Al-rich phase causes an overall increase of the Al-rich phase lattice parameter, but precipitation-induced stresses and their subsequent relaxation cause a hump, AaXl(tmax), (3) . This hump occurs at much shorter times for liquid-quenched (LQ) than for solid-quenched (SQ) alloys (compare Fig. la to Fig. ib ). For the LQ alloys the determination and interpretation of ~Xl(tmax) is hardly possible because of the interwoven effects On the Al-rich phase lattice parameter of silicon precipitation, precipitation-induced stresses and relaxation stresses.
In this letter the silicon precipitation and subsequent relaxation of precipitation-induced stresses in solid-quenched AISi alloys are investigated by measurement of the Al-rich phase lattice parameter as a function of temperature and time of ageing.
Experimental
Alloys of aluminium with 1.4, 2.4 and i0.0 at% silicon were conventionally produced as described earlier (3) . Measurements were performed using wire specimens with a diameter of 0.38 mm. The specimens were annealed for 0.5 h at 836 + 5 K in air and quenched in ice water. At 836 K the equilibrium solid solubility of silicon in aluminium is about 1.4 at% (i). After quenching the Al-rich phase grain size was 300 pm, 120 ~m and 20 pm for the 1.4, 2.4 and i0.0 at% Si alloy, respectively.
The Al-rich phase lattice parameter was determined at room temperature from Debye-Scherrer photographs, using Nelson-Riley extrapolation (for details see Ref. 4) , with an accuracy of 1-2 parts in 40,000. Ageing was conducted in an oil bath at 402 ~ 4, 450 ~ 2 and 492 ~ 2 K. All lattice parameter values presented here are valid at 298 K: they were derived from the values measured at room temperature using the appropriate thermal expansion coefficient (3).
Evaluation of data
The Al-rich phase lattice parameter as a function of ageing time and temperature is shown in the equilibrium value, a~ w and the ageing temperatures applied are indicated. equilibrium value of the Al-rich phase lattice parameter equals that of pure aluminium (see . As discussed earlier (3) (4) (5) , after completed precipitation and relaxation, the AIrich phase lattice parameter is still larger with an amount AaAI(~) than its equilibrium value, a~ (see Fig. i ). This results from the difference in shrink between the Al-rich and the Si-rich phase during cooling from the ageing temperature to room temperature.
Values of Aa~l(m) can be calculated by adopting Eshelby's theory on elastic distortion by point defects in a finite matrix (cf. eq. 15 in Ref . 3):
where AT is the difference between ageing and room temperature and Ysi (~) is the volume fraction of all silicon phase present in the alloy after completed precipitation. For ageing times >> tma x (cf. Fig. i ) the silicon precipitation is practically completed and thus Aa~l(t >> tma x) can be taken equal to Aa~l(~). Then it holds for the change of the Al-rich phase lattice parameter due to the precipitation-induced stresses, AaXl(t):
A maximal value of AaXI would occur if no relaxation took place. This maximal value can be calculated on the same basis as used for eq. 1 (cf. eq. 18 in Ref.
3):
where y~ec(=) denotes the volume fraction of silicon which has precipitated at t = ~ since the bl start of ageing *) . It is assumed that at the ageing temperatures applied the solid solubilities of silicon in aluminium and vice versa are zero (i) . Then, from a mass balance the volume fraction y~[ec(.) can be closely approximated by:
where x o denotes the overall atomic fraction of silicon in the alloy and Xsi(O) denotes the atomic fraction of silicon in solid solution in the Al-rich phase at t = 0. The value for Xsi(O) is equal to the silicon solid solubility in the Al-rich phase at the quenching temperature (i).
Beyond tma x (cf. Fig, 16 ) the extent of the relaxation process of an ageing time t can be represented by the ratio AaXl(t)/AaXl(max).
Activation energy for precipitation of silicon
The amount of silicon to precipitate during the ageing treatment applied is constant, because (i) the homogenizing temperature was the same for all the alloys and (ii} the solid solubility at the ageing temperatures is virtually zero and thus also the same.
It can be assumed that at early stages of precipitation no appreciable relaxation has occurred. Then the Al-rich phase lattice parameter as measured after an ageing time t, aAl(t), can be written as: aAl(t) = a~ -p Xsi(t) + Aa~l(t) + AaXl(t) (5) where p is a V4gard-like constant and Xsi(t) is the atomic fraction of silicon in the Al-rich phase after an ageing time t. The lattice parameter changes AaA~(t) and Aa~l(t) linearly depend on the amount of silicon precipitated since the start of ageing (cf. eqs. 1 and 3 ). This implies that, for the three ageing temperatures considered, an equal change of the Al-rich phase lattice parameter (with respect to its value at t = 0) corresponds to an equal stage of the precipitation process. The kinetics of this process can be described by the state variable c~t with Cp = Co, p exp -Ep/kTa, where Co, p, Ep, k and T a are a pre-exponential factor, the activation energy for precipitation, Boltzmann's constant and the ageing temperature, respectively. If tp denotes the time to achieve an Al-rich phase lattice parameter of 0.40485 nm at the ageing temperature T a, Cptp corresponds to an equal stage of the precipitation. Now the activation energy for precipitation can be derived from the slope of the straight line through the data points in a plot of in tp versus I/T a (Fig. 5 ). For the three alloys considered the following average value of the activation energy for precipitation is found: The result corresponds well with that obtained by Koster and Knorr (6) from resistometry and thermo-electrical analysis. Considerably smaller values of the activation energy for silicon precipitation are found for liquid-quenched AISi alloys (0.8-1.2 eV depending on the extent of silicon precipitation (5)), wher~ large amounts of excess vacancies are present at the start of precipitation. The activation energy for precipitation found here is close to the sum of the energy for formation and for migration of a vacancy in aluminium (7) . Apparently, in the (present) solid-quenched AISi alloys a much lower concentration of excess vacancies is present than in liquid-quenched AISi alloys (but see also Ref. 8).
Activation energy for relaxation of precipitation-induced stresses
Precipitation of silicon precedes relaxation of the precipitation-induced stresses. Hence, no starting time of the relaxation can experimentally be established. However, for advanced stages of relaxation, where precipitation is virtually complete, the kinetics of the relaxation process can be described by the state variable Cr(t -to), with c r = Co, r exp -Er/kT a and where t o denotes a fictitious starting time of relaxation, Co, r is a pre-exponential factor and E r is the activation energy for relaxation (cf. Ref. 9 ).
Considering the same two states of relaxation for all ageing temperatures, i.e. the same two values of daXl(t)/AaXl(tmax) , the lapse of time, At, between the corresponding two ageing times obeys: At = const, exp. Er/kT a (6) Thus, from a plot of In (At) versus I/T a a value for E r can be obtained ( Fig. 6 ). To avoid "contributions"._ from precipitation (see above) the smallest possible values of Aa~l(t)/da~l(max) were chosen: 0.5 and 0.4, respectively. Then, it was obtained for the AISi 1.4 at% and AISi 2.4 at% alloys:
For the AISi i0.0 at% alloy the magnitudes of AaXl(t) were too small to allow a quantitative analysis.
Creep and stress relaxation in a metal can be caused by the movement of dislocations by climb. Such a process has an activation energy equal to that for self-diffusion (i0), which for aluminium ranges from 1.2 to 1.5 eV (Ii). Further, stresses enhance dislocation movement, and therefore the activation energy for stress relaxation can be somewhat smaller than for selfdiffusion (I0). This provides an explanation for the value of the activation energy for relaxation found in the present work (1.2 eV). It is also noted that the activation energy for creep in high purity aluminium is about 1.3 eV for the corresponding temperature range (12) .
The changes of the Al-rich phase lattice parameter due to precipitation-induced stresses in the AISi i0.0 at% alloy were much smaller than in the two other alloys. This can be ascribed to its relatively small grain size (cf. Section 2): relaxation will be enhanced by the presence of many grain boundaries. A very small grain size also accounts for the very rapid relaxation of precipitation-induced stresses in liquid-quenched alloys (see Fig. la 
